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Abstract17
Microbial adaptations for survival and dispersal may directly influence landscape sta-18
bility and potential for dust emission in drylands where biological soil crusts (biocrusts)19
protect mineral soil surfaces from wind erosion. In the Lake Eyre basin of central Aus-20
tralia we operated a wind tunnel on sandy soils and collected the liberated material, which21
was subjected to DNA sequencing to identify the microbial community composition. Mi-22
crobial composition of entrained dust was compared with that of the source sand dune23
soil in addition to nearby claypan and nebkha soils, and water channels which together24
form a recycling sediment transport system. Wind was found to preferentially liberate25
359 identified taxa from sand dunes whereas 137 identified taxa were found to resist wind26
erosion. Water channel communities included many taxa in common with the soil sam-27
ples. We hypothesise that the ease with which soil microbes become airborne is often28
linked to whether the organism is adapted for dispersal by wind or vegetative growth,29
and that biocrust organisms found in water channels may sometimes use a fluvial dis-30
persal strategy which exploits rare flooding events to rapidly colonise vast pans which31
are common in drylands. We explain likely geomorphic implications of microbial disper-32
sal strategies which are a consequence of organisms engineering the environment to pro-33
vide their particular needs. By identifying microbes fitting expectations for these dis-34
persal strategies based on differential abundance analyses, we provide a new perspective35
for understanding the role of microbiota in landscape stability.36
1 Introduction37
In drylands where vegetation is sparse, soil microbes provide some ecosystem func-38
tions that are normally delivered by plants in temperate vegetated systems [e.g. Lange39
et al., 1992; Ferrenberg et al., 2017]. Microbes in the soil surface of drylands form bio-40
logical soil crusts (biocrusts) which reduce erodibility by wind and water [Eldridge and41
Leys, 2003; Liu et al., 2017], fix carbon and nitrogen [Li et al., 2012; Büdel et al., 2018],42
alter the surface albedo and increase water holding capacity [Singh et al., 2016; Adessi43
et al., 2018]. Biocrusts were among the first organisms to colonise land [Beraldi-Campesi ,44
2013], therefore it is to be expected that they are well adapted to both exploit soil sur-45
face conditions, and modify their environment for their own advantage. By identifying46
and understanding the adaptations of biocrust organisms, we can gain insights into the47
biotic forces that influence geomorphic processes. In this paper we investigate how in-48
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dividual microbial taxa contribute to soil stability in western Queensland, Australia and49
relate this to their hypothesised ecological strategies for survival.50
The interactions between fluvial and aeolian processes in drylands have been demon-51
strated as important over timescales ranging from seasons to glacial-interglacial cycles52
[McTainsh, 1987; Langford , 1989; Bullard and McTainsh, 2003; Field et al., 2009]. Flu-53
vial systems can deliver large quantities of sediment downstream within catchments that,54
once deposited and desiccated, are susceptible to wind erosion. The combination of wa-55
ter flow and wind direction can result in sediment cycling at a range of different spatial56
scales from catchments exceeding 1 million km2 [Bullard and McTainsh, 2003] to within57
smaller dune-pan systems [Thomas et al., 1993]. Microbiota have not generally been con-58
sidered as a component of this fluvial - aeolian system, however it has been recognised59
that biocrust organisms can act as ecosystem engineers [Viles, 2008].60
In this paper we report on the microbial ecology of a dynamic ecosystem in cen-61
tral Australia comprising a 25 km2 claypan in the Lake Eyre basin bounded by sand dunes62
and ephemeral river channels, where fluvial-aeolian interactions are thought to have been63
occurring at least since the last glacial maximum about 10 ka BP [Bullard and McTainsh,64
2003]. To provide insights into how biocrust microbial ecology affects soil stability we65
determined the microbial composition of different dryland soils and sediments, and then66
identified possible ecological strategies (especially dispersal mechanisms) of the microbes67
present. As microbes were expected to be dispersed by both air and water, we also anal-68
ysed the microbial composition of nearby river channels and airborne dust liberated by69
in-situ wind tunnel treatment on sand dunes. By developing understanding about the70
ecology of dryland soil microbial communities and their constituent individual taxa, it71
should be possible to predict biological responses for various scenarios and devise inter-72
ventions to manipulate the biotic component of geomorphic processes. This would have73
a wide range of potential applications in land management, for example to enhance car-74
bon storage, suppress dust emissions, and make predictions of future geomorphic activ-75
ity under a changing climate. By comparing the microbial composition of different sys-76
tem parts we evaluated possible dispersal strategies of individual taxa and interpreted77
these findings in relation to soil stability and dust emissions.78
There are a limited number of studies on the microbial content of airborne sedi-86
ments [Acosta-Martinez et al., 2015] most of which focus on long-distance transport of87
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Figure 1. Aerial view of sampling locations with identification sample types and illustrating
the position of transects in the landscape. Insets shows site position within Australia and the
general area of claypan including surrounding water channels. Main image shows a closer view
of dune and pan area. Lower panels show photographs of the main system compartments, with
markers keyed to match with aerial imagery. Arrows illustrate expected linkages between system
components by aeolian and hydrological transfer of sediment and inoculum. Aerial imagery from
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pathogens relevant to human health. Studies with a more environmental focus which have88
looked at the microbiota found naturally within major dust sources or in the air near89
to known dust sources in Australia include De Deckker et al. [2008]; Lim et al. [2011];90
Abed et al. [2012]; Munday et al. [2016]. These studies have characterised microbial com-91
munities in aerosols and dust sources, highlighting the possibility of nutrient transporta-92
tion along with microbiota, and demonstrating potential applications of microbiome sci-93
ence for tracing dust to its source. The authors of all of these papers pointed out that94
due to mixing in the air, it was not possible from their data to relate the airborne mi-95
crobiome directly to any specific source. The only previous study utilising a wind tun-96
nel to collect airborne particles and microbes is Gardner et al. [2012], which used a py-97
rosequencing approach to determine the association of particular microbes and diversity98
metrics with organic matter and particle size fractions. Prior to wind-tunnel treatments99
the soils in Gardner et al. [2012] were tilled, raked, and flattened using a lawn roller, in100
contrast to the present study which used soils in their natural condition. Due to our method-101
ology employing a wind tunnel we were able for the first time to unequivocally collect102
and analyse wind eroded microbiota from a specific known natural source.103
Our main hypotheses are that different compartments in fluvial-aeolian systems har-104
bour distinctive microbial communities, and that wind erosion selectively mobilises cer-105
tain taxa from biocrusts. We expect this because it is known that biocrusts stabilise dry-106
land soils and this stability is clearly linked to the survival prospects for biocrust organ-107
isms because shifting soils will prevent the establishment and succession of biocrusts [e.g.108
Felde et al., 2018]. So whilst we expect a strong selective pressure in biocrust organisms109
for promotion of soil stability, it should be recognised that this is a benefit to the com-110
munity not just the individual taxa investing considerable resource to stabilise the soil.111
If some biocrust organisms are exploiting community resources rather than contribut-112
ing to biocrust survival, then it can be further hypothesised that such taxa may reduce113
soil stability and contribute to dust emissions. If this is the case then one might expect114
these organisms to be adapted for aerial dispersal via liberated dust so that they can rapidly115
find new crusted surfaces to exploit after depleting resources in a particular location.116
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2 Methods117
2.1 Field site and sampling118
Work was carried out at Diamantina National Park in western Queensland, Aus-119
tralia (23◦36’44.8” S; 143◦17’46.9” E). Climate in the region is semi-arid and characterised120
by a summer-dominant rainfall pattern with a mean annual precipitation of 270 mm a−1121
and high inter-annual variation. Central to the study site is 25 km2 of claypan, bordered122
by sand dunes and multiple channels of the Diamantina river. Aeolian activity moves123
sediment from the dunes and claypan, whilst periodic flooding (interval approx. 3 years)124
brings fresh river sediment to the claypan (Figure 1). A linear dune runs approximately125
north-south on the west side of the claypan, and this was the location from which sam-126
pling transects were established (Figure 1). Soil was sampled from five transects perpen-127
dicular to the dune, and water/sediment was sampled from water channels in the sur-128
rounding area. Transects were approximately 500 m apart along the dune extending into129
the claypan. Some zones to the south were impacted by unauthorised cattle trampling130
and these areas were avoided. The transects are numbered 1-5 starting at the south end.131
The following locations were targeted for soil sampling (See Figure 1 and Figure132
S1 for photographs; Table S1 for coordinates):133
D. Dune. Dune biocrust134
DF. Dune flank. Dune flank biocrust. These sites were also used for wind tunnel ex-135
periments.136
P. Pan. Biocrust platelets in vegetation interspaces on the claypan (there is very lit-137
tle vegetation on the claypan)138
N. Nebkha. Biocrust situated on nebkha in the claypan to the east of the dune139
C. River channel. Sediment and water from the banks of water channels surround-140
ing the dune/claypan complex141
The dunes were characterised by coarse sand textured bare crests with frequent sand142
movement. Vegetation, biological crusts and soil texture progressively change moving143
down the mid to lower flanks stabilising the surface. Shrubs (eg. Acacia bivenosa, Rhago-144
dia spp) and grasses (eg. Zygochloa paradoxa) appear across the dune flanks with a high145
level of spatial heterogeneity. Surface sediments begin to be stabilised by an extensive146
cover of cyanobacterial crusts from the upper mid slopes, becoming strong by the lower147
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flanks. These contribute, along with the increase finer texture (loamy sand), to low soil148
surface roughness. Typically up to 7 mm amplitude across a metre length and commonly149
comprising a coarse sand layer atop of a smooth cyanobacterial crust. The seasonal con-150
ditions amplified large open areas with limited annual vegetation growth. This facilitated151
easy site selection away from perennial shrubs and grasses to perform the crust sampling.152
Importantly this minimised possible influence of vegetation on soil cohesion and micro-153
bial community structure.154
Biocrusts on the claypan typically have a blue-green appearance due to the pres-155
ence of photosynthetic organisms, and have a platelet formation caused by physical weath-156
ering (Figure S1). They appear to have once been widespread but had been largely eroded157
away at the time of sampling in July 2015. Underneath claypan platelet crusts was a brown158
coloured crust, and this was not sampled in the present study. In many places on the159
claypan there were small nebkha dunes and the crust platelets encroached up the nebkha160
flanks.161
The sampled nebkhas followed the dune orientation and were all on the north east162
flank (side) of the NW-SE trending dune. Each nebkha sampled had a low, broad, well163
rounded profile of heights less than 10 cm. The vegetation elements which are impor-164
tant in the capture and stabilisation of sediment were at the time of sampling desiccated165
providing very limited solar protection, and probably very little in terms of productiv-166
ity. Residual vegetation elements still present included forbs belonging to Sclerolaena167
sp. and Portulaca sp. Despite the desiccated nature of the vegetation, biocrust sampling168
from each nebkha was performed away from the vegetation to minimise possible influ-169
ence. Biocrusts were consistently sampled from the nebkha margin where the ground be-170
came raised compared to the surrounding flat pan. There were visible differences between171
biocrusts on these nebkha mound edges and the surround pan surfaces.172
For soils the sampled areas were 10x10 cm and were selected to represent the di-173
versity of biocrust in the area (see Figure S2 for photographs). The sampled depth of174
approximately 5 mm was dictated by natural coherence of the biocrust. The area was175
cut out with a sterile scalpel and the crust was lifted off the unconsolidated soil beneath.176
In areas where differing crust morphologies were noticeable the sampled areas were se-177
lected to have both types where applicable. Water channels were sampled by dragging178
a 5 mL sterile bijoux along the bank where it meets the water. Approximately 2.5 mL179
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bank sediment and 2.5 mL standing water were collected in each bottle from the same180
location.181
2.2 Wind tunnel182
A wind tunnel was run on dune flanks within 3 m of where the soil crust was sam-183
pled for the dune flank samples. The wind tunnel was a duct-type design equipped with184
a sediment collection trap in which sterile filter papers were fitted. Further details of de-185
sign and operation have previously been described by Strong et al. [2016]. The wind tun-186
nel was run on dune flanks because they are relatively flat, and being naturally eroded187
by saltation impact from the dune sand above during windy conditions they likely act188
as an inoculum source to surrounding areas more so than the higher dune areas. At each189
site the wind tunnel was run three times on adjacent areas for 5 minutes at 10 m s−1190
for 5 minutes. This is a moderate treatment intended to be realistic and to collect only191
the easily mobilised particles / organisms.192
2.3 Soil properties193
Total carbon and nitrogen content of soils were determined using a CN element anal-194
yser (Leco TruSpec). Particle size distribution was determined using a Beckman-Coulter195
LS280 laser-sizer in the range 0.375-2000 µm with 93 class intervals. Soil pH was deter-196
mined using a Sartorius PY-P10 probe after mixing soil in water according to the method197
of Rowell et al. [1994], scaled down for small samples.198
2.4 DNA sequencing199
DNA was extracted in the field within 24 hours of sample collection using a Mo-200
bio Powersoil DNA extraction kit according to the manufacturers instructions except for201
increasing the soil amount slightly to 0.4 g per sample as described previously [Elliott202
et al., 2014]. DNA sequencing targeted the prokaryotic 16S rRNA gene v4 region and203
was performed by the Centre for Genomic Research (CGR) NERC Facility at the Uni-204
versity of Liverpool, using an Illumina MiSeq in a Paired end approach (2x250 using v2205
reagents). The primer design, PCR, and barcoding approach followed the method of Ca-206
poraso et al. [2011] using primers 515F and 806R (15 cycles) for amplification of v4 re-207
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gion, then a second nested PCR (15 cycles) to incorporate illumina adapter sequences208
and barcodes. Barcodes were as described in the Illumina Nextera protocol.209
2.5 Bioinformatics210
FastQ files from DNA sequencing were processed using VSEARCH v2.8.4 [Rognes211
et al., 2016] for quality control and clustering of reads into operational taxonomic units212
(OTUs). Parameters included maximum expected error rate of 0.25 for stringent sequenc-213
ing error rejection, de-novo chimera removal followed by reference-based chimera removal214
using the Gold database [Haas et al., 2011], and de-novo clustering of OTUs at 97 % sim-215
ilarity which typically approximates to species-level differences [Stackebrandt and Goebel ,216
1994]. Taxonomy was assigned using UCLUST v1.2.22 [Edgar , 2010] as implemented in217
QIIME [Caporaso et al., 2010], using the SILVA database release 132 [Quast et al., 2013].218
2.6 Statistical analyses219
OTU tables with assigned taxonomy from the bioinformatics pipeline were anal-220
ysed using R v3.5.1 [R Core Team, 2018] with packages phyloseq v1.24.2 [McMurdie and221
Holmes, 2013] and vegan v2.5-2 [Oksanen et al., 2018]. Sequences identified as originat-222
ing from chloroplasts or mitochondria were removed. Microbial community structure was223
visualised with respect to sample source using nonmetric multidimensional scaling (NMDS)224
based on Bray-Curtis dissimilarity calculated from relative abundance of OTUs. In the225
resultant NMDS plots showing the first 2 dimensions of the multidimensional space, sam-226
ples with similar community composition are placed closer together [Kruskal , 1964]. Pos-227
sible correlation of measured variables with microbial community structure was evalu-228
ated by stepwise model building to select explanatory variables in a redundancy anal-229
ysis (RDA), and using ANOVA to test significance of selected variables to the model.230
All measured variables were used in this process including pH, C, N, and a range of par-231
ticle size parameters (variables are available in supplementary table S1). Alpha diver-232
sity was evaluated by calculating the Shannon diversity index for each sample.233
To identify OTUs with different relative abundance in the wind tunnel collection234
filter compared to the source dune flank soil we used the model based DESeq2 approach235
[Love et al., 2014] on non-rarefied reads as implemented in the phyloseq package. The236
DESeq2 method includes correction for multiple testing and is highly efficient on data237
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preservation because it eliminates the need to perform rarefaction or normalization of238
count data [McMurdie and Holmes, 2014].239
3 Results240
3.1 Soil properties241
All soils and sediment samples contained low concentrations of carbon and nitro-242
gen at below 1 % and 0.1 % w/w respectively (Figure 2). Dune and dune flank sites con-243
tained approximately double the amount of carbon (mean 0.36 % w/w) compared to nebkha244
and pan sites (mean 0.18 %). Nitrogen levels were also slightly higher in the dune and245
dune-flank sites (mean 0.05 % w/w) compared to nebkha and pan sites (mean 0.04 %246
w/w). The pH of dune and dune flank sites were similar at pH 6.4 whereas pan and nebkha247
sites were around pH 7.0.248
nitrogen carbon pH d50
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Figure 2. Soil properties in and around Lake Constance claypan at Diamantina National
Park, Australia. a. Mean total carbon and nitrogen (% w/w), pH, and particle mass median
diameter (µm); b. particle size distribution. Error bars represent the standard error of the mean
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Dune and dune flank sediments had similar particle-size distribution, dominated254
by very fine to fine sands (46-48 %) with the modal particle-size in the range 185-270255
µm. The dune sediments were slightly coarser overall containing a higher percentage of256
medium and coarse sands and lower percentages of silt and clay than the dune flank (Fig-257
ure 2). Nebkha sediments were also dominated by very fine to fine sands (60 %; mode258
169-185 µm) and were well sorted. Pan sediments were less well sorted than any of the259
sites dominated by wind-blown material. The pan sites included the highest proportion260
of clay (c. 10 %) and silts (55 % total) and lowest percentage of sand-sized material (<35261
%).262
3.2 DNA sequencing and general microbial community composition263
DNA was successfully extracted and sequenced from 30 samples, yielding 18.5 mil-264
lion reads. After pairing reads and quality control 2.1 million bacterial reads and 20 thou-265
sand archaeal reads remained.266
There were 17,913 bacterial OTUs and 107 archael OTUs detected (OTUs defined267
by 97 % similarity). This analysis was designed to target bacteria, and as archaea make268
up only 0.9 % of sequences bacteria are the main focus of this paper, however archaeal269
reads were retained for the analyses. The Shannon diversity index (Figure 3a) indicated270
similar diversity among all soil types including the particles eroded from the dune flank271
by wind tunnel treatment.272
Initial visualisation of microbial community structure by NMDS (Figure S3) showed273
that the water samples differed extremely compared to all other samples, and this dom-274
inated all other inter-sample differences. The water samples were therefore excluded from275
the NMDS to reveal the community structure relationships between the soil and airborne276
dust samples as shown in Figure 3b. Microbial composition of the dune, pan, and nebkha277
sites differed markedly. The airborne dust community derived from wind tunnel treat-278
ment on the dune flank differs from both the dune and dune flank communities, notably279
having a community structure approximately intermediate between the dune and nebkha280
communities.281
High abundance OTUs are likely to be important contributors to the overall com-286
munity differences (Figure 3), and many of the abundant OTUs were related to each other287
(Table S4), meaning that community differences may be evident and easier to understand288
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Figure 3. Prokaryotic microbial community diversity of soil (sand dunes, claypan, and
nebkha), water channels, and airborne dust (from sand dunes). a. Shannon diversity index
(alpha diversity); b. NMDS visualisation of community structure (beta diversity). Water channel





at higher taxonomic ranks as shown in Figures 4 and 5. A total of 55 bacterial phyla and289
6 archael phyla were identified. Frequencies of the most abundant phyla are shown in290
Figure 4 and are provided in full in Table S2. It can be seen that water channel sam-291
ples are dissimilar to the soil-based samples at the phylum level although all abundant292
phyla (> 1 % overall) are represented in both soil and water, except Deinococcus-Thermus293
which was not found in water channels. Cyanobacteria numerically dominated at the soil294
sites and were also common in river channels but much less abundant (overall Cyanobac-295
teria accounted for 39 % of prokaryotic sequences). The numerically dominant cyanobac-296
terial genus was Microcoleus which accounted for over 8 % of sequences detected in all297
soil types (Figure 5). Several of the common cyanobacterial genera exhibited different298
abundance in relation to sample type, notably Microcoleus and Trichocoleus more com-299
mon in dunes, and Tychonema more common in nebkha. In the river channels Proteobac-300
teria and Verrucomicrobia were numerically dominant but only by a small margin and301
with several other phyla also common.302
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Cyanobacteria Deinococcus−T. Proteobacteria Verrucomicrobia
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behaviour easily becomes airborne intermediate resists becoming airborne
B
Figure 4. Relative abundance of identified bacterial phyla. Colouring indicates whether in-
dividual OTUs (97 % similarity) contributing to the phylum abundance were found in the water
channels (A), and whether they were significantly more abundant in soil or wind tunnel collectors
at the dune flank sites (B). Taxonomy of contributing OTUs and statistical results are provided
in Table 1. Only phyla exceeding 1 % of total reads after QC are shown for clarity (full data
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behaviour intermediate resists becoming airborne
B
Figure 5. Relative abundance of identified cyanobacterial genera. Colouring indicates whether
individual OTUs (97 % similarity) contributing to the genus abundance were found in the water
channels (A), and whether they were significantly more abundant in soil or wind tunnel collectors
at the dune flank sites (B). Only cyanobacterial genera exceeding 1 % of total reads after QC
are shown for clarity (full data provided in Table S3). Source designation is not indicative of the
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3.3 Correlation between measured variables and microbial community315
structure316
A stepwise model building approach was used to identify measured variables which317
may explain microbial community structure. Only the particle size d50 (mass median318
diameter) had a significant correlation with microbial community structure (p=0.005).319
The mass median diameter was negatively correlated with axis RDA1 in the resultant320
model (Supplementary Figure S4), which indicates the smallest particle diameters were321
associated with pan communities but other sample types did not clearly partition in re-322
lation to d50 / RDA1.323
3.4 Dispersal of microbes by fluvial and aeolian processes324
Of the 3,548 OTUs found in the claypan, 451 were also found in water channels,325
2,250 were found in airborne dust from the dune flank, and 392 were found in both. The326
dune and channel samples had 745 OTUs in common. Whilst many soil OTUs were not327
detected in the air or water samples, most of the OTUs found exclusively in soil were328
rare, collectively accounting for only 4.4 % of reads in the soil samples.329
OTU differential abundance analysis indicated that 359 OTUs (27 % of reads) were330
more abundant in air samples and 137 OTUs (36 % of reads) were more abundant in soil331
samples (adjusted p <0.05). Details for a subset of these OTUs are shown in Tables 1332
and 2 (extended results provided in Table S4). Results from these analyses were used333
to colour code Figures 4 and 5 to indicate whether taxa easily become airborne under334
moderate windy conditions or not. It can be seen from these figures that some phyla and335
particular cyanobacterial genera differed in abundance between the dune flank soil and336
airborne dust liberated from the same soil by wind tunnel treatment. For example phy-337
lum Cyanobacteria was more abundant in soil (resist becoming airborne) and phylum338
Deinococcus-Thermus was more abundant in airborne dust (easily become airborne). Fur-339
ther detail of cyanobacterial distribution given in Figure 5 shows that the most common340
cyanobacteria in the biocrust are from the genus Microcoleus and that most of these re-341
sist becoming airborne. Other cyanobacterial genera exhibited similar patterns except342
for Tychonema OTUs which were not significantly more abundant in either soil or air-343
borne dust (thus classified as intermediate behaviour). Figures 4 and 5 also show the rel-344
ative proportions of phyla and cyanobacterial genera which were detected in the water345
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Table 1. Relative abundance of OTUs which are significantly more abundant in soil compared
to dust blown from the soil. This is a subset of the differential abundance analysis output, sorted
by magnitude of difference in abundance and excluding OTUs lacking genus level taxonomy
information. The padj column indicates the probability of the observed distribution including
adjustment for multiple testing. Multiple entries of the same genus means that multiple OTUs
(approximately species level) within the genus met criteria for inclusion in the table. OTU IDs








Phylum Family Genus padj air % earth %
Cyanobacteria Coleofasciculaceae Microcoleus 0.00 0.11 2.91
Cyanobacteria Coleofasciculaceae Wilmottia 0.02 0.08 2.02
Cyanobacteria Coleofasciculaceae Microcoleus 0.01 0.04 1.76
Cyanobacteria Phormidiaceae Trichocoleus 0.00 0.06 1.38
Cyanobacteria Coleofasciculaceae Symplocastrum 0.04 0.30 1.36
Cyanobacteria Coleofasciculaceae Microcoleus 0.00 0.04 0.92
Acidobacteria Blastocatellaceae Blastocatella 0.00 0.12 0.72
Acidobacteria Pyrinomonadaceae RB41 0.01 0.16 0.69
Cyanobacteria Coleofasciculaceae Microcoleus 0.00 0.01 0.54
Cyanobacteria Coleofasciculaceae Microcoleus 0.00 0.02 0.54
channels situated approximately 10 km from the dune sites. Whilst non-detection does346
not signify that OTUs are certainly absent from water channels, it does show that they347
are exceedingly rare. OTUs belonging to phylum Deinococcus-Thermus were notably ab-348
sent from river channels (zero observations) whilst comprising approximately 1 % of all349
reads (26,687 observations) at other sites. Cyanobacterial OTUs were also under-represented350
in river channels compared to other phyla, especially those belonging to the genus Mi-351
crocoleus.352
–16–
Confidential manuscript submitted to JGR-Biogeosciences
Table 2. Relative abundance of OTUs which are significantly more abundant in dust blown
from the soil compared to the whole soil. This is a subset of the differential abundance analy-
sis output, sorted by magnitude of difference in abundance and excluding OTUs lacking genus
level taxonomy information. Multiple entries of the same genus means that multiple OTUs (ap-
proximately species level) within the genus met criteria for inclusion in the table. OTU IDs and







Phylum Family Genus padj air % earth %
Proteobacteria Burkholderiaceae Massilia 0.00 2.57 0.02
Actinobacteria Geodermatophilaceae Modestobacter 0.01 1.47 0.20
Deinococcus-Thermus Deinococcaceae Deinococcus 0.03 0.99 0.14
Actinobacteria Geodermatophilaceae Blastococcus 0.00 0.89 0.10
Actinobacteria Micrococcaceae Arthrobacter 0.01 0.87 0.10
Proteobacteria Burkholderiaceae Massilia 0.00 0.75 0.00
Actinobacteria Kineosporiaceae Kineosporia 0.00 0.62 0.00
Actinobacteria Kineosporiaceae Kineococcus 0.00 0.48 0.00
Proteobacteria Beijerinckiaceae Methylobacterium 0.00 0.49 0.06
Actinobacteria Microbacteriaceae Marisediminicola;ambig. 0.00 0.43 0.01
Actinobacteria Geodermatophilaceae Modestobacter;ambig. 0.01 0.47 0.07
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4 Discussion366
We have performed the first detailed characterisation of the prokaryotic commu-367
nity in a landscape-scale dryland system comprising terrestrial, fluvial, and aeolian com-368
ponents - with a focus on the soil surface microbiota. This is also one of only a few stud-369
ies to identify the microbes present in the dryland Lake Eyre Basin of central Australia370
which covers 1.14 million km2 [Habeck-Fardy and Nanson, 2014]. Many Australian soil371
microbiology projects are indexed in the Biomes of Australian Soil Environments soil mi-372
crobial diversity database [BASE; Bissett et al., 2016]. However, studies using the pub-373
lished protocols involving homogenisation of the top 10 cm of soil will be unsuitable for374
detailed evaluation of biocrust microbiota which typically inhabit only the top few mm.375
A key distinguishing feature of this work is the focus on the soil surface which is the in-376
terface between atmosphere and pedosphere. There is clear evidence that biocrust mi-377
crobial communities are stratified at mm-scale [e.g. Garcia-Pichel et al., 2003; Elliott et al.,378
2014], however it is still common in the biocrust literature to arbitrarily select the top379
1 cm or sometimes more - often for pratical reasons. In this work we tried to more specif-380
ically target the organisms in the cohesive soil surface crust which may be involved in381
adhesion of soil particles and ultimately contributing to landscape stability. Sampling382
in this way was found to be easier compared to taking an arbitrary depth selection and383
we suggest that it is a preferable approach when objectives relate to understanding of384
the biocrust specifically.385
Studies using high throughput DNA sequencing with a focus on Australian biocrust386
communities specifically are rare [Abed et al., 2012; Chilton et al., 2018]. Whilst deter-387
mining the microbial composition of soils was not our primary objective, community data388
in addition to those presented are made available in the NCBI Sequence Read Archive389
(project SRP150526) and supplementary tables S2, S3, S4. This is an important con-390
tribution as such data on drylands are lacking in the global literature [Ferrenberg et al.,391
2017], and it has been shown that Australian soils have unique microbial communities392
compared with other drylands [Eldridge et al., 2018]. Our novel approach used landscape393
sampling combined with model based differential abundance analysis, enabling us to test394
and develop hypotheses about the ecology of biocrust organisms in drylands, particu-395
larly focusing on the implications of dispersal strategies for landscape stability and dust396
production.397
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4.1 Microbial community of biocrusts in a dryland ephemeral lake bed398
and surrounding dunes399
Previous research on biocrust microbial communities in drylands is still rare in the400
literature [Ferrenberg et al., 2017] and has focused mainly on dune environments. We401
found that the dunes at our study site harboured typical biocrust communities with 59402
% of sequences being of cyanobacterial origin, along with much of the remainder belong-403
ing to the phyla Actinobacteria, Acidobacteria, Chloroflexi, and Proteobacteria (Figure404
4). The same phyla in similar proportions have previously been found in biocrusts of the405
Kalahari in Botswana [Elliott et al., 2014].406
Dune and dune flank locations had very similar community structure, but were clearly407
distinct from the pan and the nebkha locations (Figure 4). It is normal to find differ-408
ent microbial communities in different situations so this result is as expected, however409
the question lies in the nature and reason for the differences observed. Edaphic factors410
like grain size and soil chemistry are commonly linked to such observations, therefore we411
interrogated the data for identification of links between measured variables and micro-412
bial community structure. The only link found was with the mass median diameter, and413
the correlation appeared to be driven by smaller particle size in pan sediments compared414
to the other areas sampled. It is therefore not clear whether particle size is driving some415
aspect of community selection, or if particle size is co-variant with some other driving416
factor. The latter seems slightly more likely because we also included size fractions (Fig-417
ure 2) in the model selection process and no specific size fraction was found to be sig-418
nificantly related to microbial community structure. If particle size was driving (or in-419
fluenced by) community structure then it would be expected that certain size classes would420
be better indicators than d50 for specific taxa in the community and therefore be selected421
in the model. Particle size distribution is likely to be related to a wide range of edaphic422
factors which were not directly measured, including water availability and sediment chem-423
istry, and these relations may explain why d50 was selected as a model constraint.424
We suggest that different communities in linked compartments of this sedimentary425
system indicate the outcome of different selective pressures leading to establishment of426
organisms with different adaptations. Adaptations relating to soil adhesion are of par-427
ticular relevance to landscape modification because they provide a potential mechanism428
for biotic control over a range of processes governing the properties and movement of sed-429
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iments. It is certain that biocrusts exert biotic control on landscape stability and state430
transitions [e.g. Bowker , 2007; Ferrenberg et al., 2017], but details are scarce especially431
regarding the relative roles of different taxa. Knowledge of which organisms contribute432
to structural properties of the soil, as presented in this paper, can help fill this knowl-433
edge gap and has wide ranging potential for applications in land management.434
4.2 Wind preferentially lifts certain taxa from biocrusts435
We have found strong evidence that microbes are differentially liberated from the436
dryland soil surface by moderate wind (e.g. Figures 3 and 4; Tables 1 and 2). These re-437
sults show that the adhesive properties of biocrust organisms vary and importantly they438
identify taxa which may contribute to particular geomorphic processes as a result of their439
biological adaptations. It is not possible to say at this stage whether such adaptations440
were selected because of their geomorphic influence, or whether geomorphic influence is441
incidental to some other selective pressure. Both mechanisms of selection seem likely and442
we expect that both occur.443
It has previously been shown by Hu et al. [2003] that cyanobacterial abilities to sta-444
bilise sand grains in desert soils are largely in line with the amount of extracellular poly-445
meric substance (EPS) produced, and that the particular properties of EPS also play a446
role. For instance Microcoleus vaginatus was recognised as a highly adhesive species which447
is in agreement with our findings (e.g. Table 1) and general knowledge in the field. Since448
EPS is by definition extracellular, it is widely regarded in the biofilms literature to con-449
fer adhesive properties to the whole community [Flemming et al., 2007], and the same450
might be expected in soil surface biocrusts. It would appear from our results, however,451
that adhesiveness is not universally conferred to the whole community. Thus, some or-452
ganisms may be adapted to avoid adhesion into the soil, and organisms adapted for pro-453
moting adhesiveness perhaps do not often achieve this without other related adaptations454
such as the production of long filaments.455
Abed et al. [2012] have previously reported low levels of cyanobacteria in dust thought456
to be derived from biocrusts and saline lake sediments, proposing that their filamentous457
structure and EPS production may prevent their dispersal during deflation. Our data458
which explicitly links source soil with derived aerosols support this interpretation and459
extend it to other taxa. Many OTUs were found to resist entrainment (Table S4), in-460
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cluding most Cyanobacteria which have long been recognised for their stabilising role461
in biocrusts [Belnap and Gillette, 1998]. We found that sand dunes have a high propor-462
tion of taxa that resist wind erosion (Figure 4), thus sand dune surface communities are463
adapted in a way that promotes stability in the dune. This stabilising effect of the mi-464
crobiota can be regarded as ecosystem engineering, because it modifies the environment465
to provide the stable soil surface required for long-term biocrust survival. This kind of466
adaptation may also inhibit dispersal by the wind, limiting the ability of biocrusts to colonise467
new areas or regenerate after elimination for example as a result of over-grazing, because468
the regenerating inoculum must come from a local source (e.g. vegetative growth or trans-469
port by an animal). Possible difficulties for biocrusts to regenerate after extreme sus-470
tained disturbance is something we suggested in previous research as a risk [Elliott et al.,471
2014], and is supported by the present results which demonstrate the resistance of many472
biocrust taxa to becoming airborne.473
The nebkha sites within the claypan were the only place where a high proportion474
of the microbiota was identified as being easily mobilised by wind (29 %; Figure 4). This475
was not a direct measurement, but based upon taxa from the dune flank that were eas-476
ily mobilised and measuring their abundance in the nebkha. We anticipate that a direct477
measurement on the nebkha sites would yield a higher proportion but this would be ex-478
tremely difficult to do because the nebkha morphology is incompatible with wind tun-479
nel apparatus. It should also be noted that our techniques do not establish direction of480
transport in this system, therefore a proportion (possibly the majority) of the taxa mo-481
bilised from the dune flank by wind treatment are likely to have originated from the pan482
and nebkha sites. Indeed, some organisms may be adapted to exploit the whole system483
rather than a particular geographical compartment. The reason for a high proportion484
of wind-mobile biota on the nebkha may be partly related to physico-chemical proper-485
ties, however our RDA model identified no variables that could explain the nebkha mi-486
crobial community structure (Figure S4). A biological explanation may be that nebkha487
are inhabited by biocrust organisms that rely principally on aerial disperal, because they488
are adapted as primary colonisers of newly exposed niches. Such organisms would need489
to have the capacity for adhesion to establish a colony in the new niche, but also an abil-490
ity to disperse from the colony. This could be achieved by phenotypic switching which491
is a well known phenomenon in biofilms with a variety of mechanisms available [e.g. Drenkard492
and Ausubel , 2002]. Furthermore, biocrust organisms adapted for aerial dispersal would493
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need adaptations for survival in the air, such as small size and resistance to dessication494
and radiation. Alternatively, it is possible that the life strategy of some of these microbes495
is to be habitually nomadic - travelling in the atmosphere to visit soils and biocrusts from496
which they extract sustenance before releasing more propagules into the air to find the497
next place to settle briefly, and so on.498
4.3 Microbial dispersal and landscape stability499
Biological adaptations for survival in fluvial-aeolian systems are likely to include500
mechanisms for modulating attachment to surfaces which may have profound geomor-501
phic consequences. Attachment to the soil will result in binding of particles, reducing502
the potential for dust emission both by increasing effective particle sizes and by phys-503
ical entrapment of particles. Whilst this is clearly advantageous to soil-surface dwelling504
biocrust communities, it is also a potential hazard to be physically constrained in this505
way, because soils may be buried by dust or submerged under flood waters. Some or-506
ganisms will overcome such hazards with adaptations for aquatic life or vegetative mi-507
gration in the soil, and these properties are well known among cyanobacteria [e.g. Makha-508
lanyane et al., 2015; Felde et al., 2018]. Another likely adaptation is to promote desta-509
bilisation of the biocrust to enable dispersal by the wind, which would lead to dust pro-510
duction and the transport of nutrients out of the soil. Once dispersed on the wind, mi-511
crobes would have the opportunity to colonise new areas, thus ensuring survival even if512
the source area became inhospitable. A parallel situation is well documented in the biofilms513
literature which deals mainly with microbial cells living as attached communities in var-514
ious aqueous environments such as medical devices and rivers. Even single-species biofilms515
exhibit both attachment and detachment phenotypes, triggered by genetic switches that516
respond to changing conditions [e.g. Drenkard and Ausubel , 2002]. Macroscopic organ-517
isms also exhibit this behaviour, for instance scallops are normally regarded as sessile518
creatures but they will swim away in response to environmental triggers [Caddy , 1968].519
We propose that biocrust microbes in common with other organisms also have a520
variety of dispersal mechanisms, and that their dispersal adaptations have geomorphic521
consequences such as influencing the particle size distribution and dust availability (e.g.522
by selectively trapping particles and producing aggregates). At least three distinct dis-523
persal strategies are proposed which may be employed by biocrust organisms, each strat-524
egy having particular phenotypic features and related geomorphic potential (Table 3).525
–22–
Confidential manuscript submitted to JGR-Biogeosciences
Whilst we suggest a typical niche associated with each dispersal strategy, we do not ex-526
pect this to be exclusive. Rather, we suggest that these strategies co-exist in each biocrust527
community, and the relative abundance of organisms exhibiting each phenotype will vary528
depending on the life history of each particular biocrust.529
4.3.1 Fluvial dispersal strategy530
Periodic cycles of wetting and drying are a common feature of the dryland soil sur-531
face which all biocrust organisms must adapt to in order to exploit occasional rainfall532
and dew. On pan surfaces there is a further requirement to survive or even thrive dur-533
ing floods as well as long periods of drought. When flood waters on pans subside the sed-534
iment is rich in resources, and the aquatic microbiota deposited in large numbers have535
a numerical advantage that may hinder establishment of vegetatively or aerially dispersed536
microbes.537
This is likely to have happened in the claypan, where the pioneer biocrust organ-538
isms may be mostly deposited aquatic species such as Tychonema spp. cyanobacteria539
that are ill-adapted for long-term survival out of water, but nevertheless condition the540
fresh sediment making it more hospitable for better adapted secondary colonisers. If these541
primary colonisers are adapted for fluvial dispersal via ephemeral lakes then their main542
task between flood events is to survive and exclude competitors until further floodwa-543
ters arrive, therefore they are likely to lie dormant unless activated by prolonged expo-544
sure to water. In terms of landscape stability they are expected to be an immediate ben-545
efit as floods subside due to the extensive production of biomass protecting and nour-546
ishing the fresh pan sediment, however during dry times they may suffer erosion and are547
unlikely to have the capacity for repair.548
4.3.2 Lateral expansion dispersal strategy549
Lateral expansion in biocrusts has been defined by Sorochkina et al. [2018] (in the550
context of an experiment) as contiguous growth on the soil substrate. We adopt this ter-551
minology which helpfully covers soil colonisation through both vegetative growth and552
motility of the soil microbes - often it will not be obvious which mechanism is achiev-553
ing the expansion. Lateral expansion dispersal strategy is implicitly assumed in the ma-554
jority of biocrust literature which holds that biocrusts are slow to establish and they grad-555
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ually succeed to stronger forms [e.g Belnap and Gillette, 1998]. In the present work the556
sand dune biocrusts are a classic example of this standard view of biocrust development.557
Organisms relying on lateral expansion for dispersal are expected to be highly invested558
in maintaining a stable soil surface which facilitates the establishment of long-term ex-559
tensive colonies that are highly resilient to harsh environmental conditions. Sorochkina560
et al. [2018] recently showed in a greenhouse experiment that the lateral expansion rate561
of biocrusts under favourable conditions was in the order of up to 2 cm month−1. In our562
field site and drylands generally such conditions are not met most of the time, so real-563
istic rates in the environment are likely to be lower. Therefore newly exposed niches re-564
sulting from flooding, land-slips, or burial are unlikely to be colonised solely by lateral565
expansion which is a slow process (e.g. based on the typical flooding interval of 3 years566
for the claypan, lateral expansion can account for only about 1 m of biocrust lateral growth).567
Indeed during their experiment Sorochkina et al. [2018] found that Aeolian propagules568
colonised soil ahead of the laterally expanding biocrust even in a greenhouse which had569
some protection from airborne inocula.570
Our data suggest that cyanobacteria belonging to the genus Microcoleus (among571
others) are likely candidates for lateral expansion as a main dispersal strategy (see Ta-572
ble 1 and Table S4 for more), and this fits with prior observations [e.g. Sorochkina et al.,573
2018]. Even so we do not suggest that these organisms lack the capacity for aeolian or574
fluvial dispersal, but we expect that they will be much less efficient at this - for instance575
using these mechanisms over shorter distances or only as a consequence of disturbance.576
Less commonly recognised in the biocrust literature is that non-cyanobacterial taxa may577
be part of the biocrust and contribute to its ecology and stability. Our results identify578
a wide range of such organisms, for example Blastocatella species. The genus name Blas-579
tocatella means “budding small chain” - in reference to a strong tendency to form chains580
and larger aggregates as determined by Foesel et al. [2013] in their description of the new581
genus and the first described species of Acidobacteria subdivision 4 (Blastocatella fas-582
tidiosa isolated from semiarid savanna soil in Namibia). Chain and aggregate formation583
at the cellular level is consistent with our hypothesised properties for biocrust forming584
organisms that use a vegetative dispersal strategy, as they are expected to enhance soil585
stability. Other properties of Blastocatella species identified by Foesel et al. [2013] in-586
clude pigment production and oligotrophy, and they note that little is known of the eco-587
physiology of Acidobacteria in biocrusts and similar habitats. We suggest that Blasto-588
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catella species and related taxa have specific adaptations for life at the soil surface which589
promote the formation and stabilisation of biocrusts in drylands.590
Unlike pan surfaces, stabilised sand dunes do not experience wholesale disruption591
via flooding, therefore succession can take place over long time-scales and un-crusted sites592
exposed by localised disturbances can likely be re-colonised by vegetative growth from593
nearby areas or from beneath when crusts become buried [Elliott et al., 2014; Felde et al.,594
2018]. It is known that biocrust biota can move vertically in the soil, enhancing their595
survival prospects by responding to environmental stimuli including water and light [Garcia-596
Pichel and Pringault , 2001]. Whilst burial depths exceeding 1 cm severely threaten sur-597
vival of the biocrust organisms, shallower burial can be tolerated [Rao et al., 2012]. Re-598
peated biocrust burial followed by re-establishment of surface biocrusts results in the pro-599
duction of stratified fossil crust micro-horizons in dryland sand soils, contributing to soil600
stability as a direct result of biocrust lateral expansion [Felde et al., 2018]. In this work601
we have identified taxa which are likely to be contributing to that process, and there-602
fore could be used as indicators of soil stability or as inoculants in interventions designed603
to enhance soil stability.604
4.3.3 Aeolian dispersal strategy605
Biocrusts may also be established from airborne inocula, and the nebkha biocrusts606
are most likely an example of this. Because strongly adhesive biocrust taxa are less likely607
to become airborne, biocrusts established from airborne sediments may lack the strength608
of colonially established biocrusts at least initially until more stabilising taxa with ca-609
pacity for lateral expansion move in (and possibly ultimately out-compete them). They610
must therefore rely on other stabilising landscape features such as stones and plants, en-611
abling them to settle without investing strongly in promoting landscape stability, although612
they probably do this incidentally. Taxa adapted for aerial dispersal must achieve high613
numbers in the atmosphere to be successful, thus they are likely to be R-strategists or614
copiotrophs that exploit islands of fertility to produce more airborne inocula. This means615
that although they have some capacity to stabilise soil, they may also contribute to dust616
production and export of nutrients from the soil.617
Our data suggest that Deinococcus, Massilia, and Modestobacter species (among618
others) may be adapted for aeolian dispersal as part of their life cycle (Table 2), and these619
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taxa have properties consistent with our hypothesised ecological strategies for airborne620
dispersed biocrust organisms (Table 3). Deinococcus species are well known for their re-621
markable ability to withstand dessication and intense radiation [Makarova et al., 2001].622
This genus has been found in desert soils before [e.g Rainey et al., 2005; Chilton et al.,623
2018], and Li et al. [2012] detected Deinococcus species at low abundance in aerosols thought624
to be derived from biocrusts or saline lake sediments in Australia. According to Bergey’s625
manual [Whitman, 2015] the natural habitat of Deinococcus species remains unknown.626
We suggest then that the habitat of this ancient lineage is in fact the biocrust top sur-627
face, and it is adapted for wind dispersal. Modestobacter versicolor may have a similar628
ecology. Isolated from topsoil dryland biocrusts, it is a moderately oligotrophic aerobic629
chemo-heterotroph with radiation tolerance and capacity for nitrogen fixation [Reddy et al.,630
2007]. Interestingly Reddy et al. [2007] report that this species produces pigments (which631
are presumed to confer protection from UV light) only when under oligotrophy, which632
could be an adaptation for dispersal by air - since air is a more oligotrophic environment633
than the biocrust surface, and UV exposure would be greater during transit through the634
air. Massilia species have commonly been found in biocrusts, recognised for resilience635
and fast growth they have recently been shown to respond rapidly to hydration in dry-636
land soils [Aslam et al., 2016]. With such ecologies Deinococcus species and other wind637
dispersed biocrust species may serve a protective function to the biocrust, and can also638
ensure that they quickly colonise any newly suitable soils and sediments arising from events639
such as land slips and animal disturbance. Airborne inocula may therefore play an im-640
portant role in the stabilisation of landscapes by initially protecting disturbed soils and641
preparing the way for secondary vegetative colonisers such as cyanobacteria. This idea642
could be tested by disturbance experiments and monitoring the succession of microbes,643
which we predict would begin with taxa such as Deinococcus, Massilia, and Modestobac-644
ter.645
5 Conclusions646
In conclusion, we have shown that biocrust taxa vary in their capacity to be mo-647
bilised by the wind and we have suggested that this is driven in part by ecological dis-648
persal strategies which in turn determine the taxon potential to enhance or degrade land-649
scape stability. We have shown that biocrust microbes are found in watercourses, and650
proposed that some biocrust taxa are principally dispersed by fluvial deposition. Our651
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results provide new evidence supporting the microbial role in landscape stability and sup-652
pression of dust production in drylands. By interpreting results from an ecological per-653
spective, we provide a theoretical basis for predicting how microbes will influence land-654
scape stability under different scenarios. Such predictions can be tested in future work,655
for instance by monitoring establishment and succession in biocrusts over time, in tan-656
dem with physical assessments. An ecological approach informed by microbiology can657
then be developed to help predict landscape responses to climate change and land use658
change, and also to design mitigation strategies for maximising soil stability.659
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